ORF66p, a virion-associated varicella-zoster virus (VZV) protein, is a member of a conserved Alphaherpesvirinae kinase family with homology to herpes simplex virus U S 3 kinase. Expression of ORF66p in cells infected with VZV or an adenovirus expressing only ORF66p results in hyperphosphorylation of histone deacetylase 1 (HDAC1) and HDAC2. Mapping studies reveal that phosphorylation is at a unique conserved Ser residue in the C terminus of both HDACs. This modification requires an active kinase domain in ORF66p, as neither protein is phosphorylated in cells infected with VZV lacking kinase activity. However, hyperphosphorylation appears to occur indirectly, as within the context of in vitro kinase reactions, purified ORF66p phosphorylates a peptide derived from ORF62p, a known substrate, but does not phosphorylate HDAC. These results support a model where ORF66p is necessary but not sufficient to effect hyperphosphorylation of HDAC1 and HDAC2.
Because of their reliance on the host for efficient replication, viruses have evolved to hijack cellular machinery for this purpose. During this coevolution of virus and host, cellular antiviral defense mechanisms have developed that limit replication and subsequent spread of viruses (12, 48, 52) . For large DNA viruses such as Herpesviridae that replicate within the nucleus, once the viral genome enters the nucleus, host proteins rapidly act to silence transcription from viral DNA and subsequently block or impair replication. For instance, efficient herpesvirus gene expression depends on inhibition of histone deacetylases (HDACs) (7, 20, 23, 40) . HDACs are an ancient family of enzymes that have a major role in numerous biological processes (21) . HDACs function by deacetylating lysine residues on histone tails, resulting in chromatin condensation and repression of gene expression (15) . In conjunction with the antagonizing enzyme activity of histone acetyltransferases, HDACs and histone acetyltransferases provide a means for regulating, through chromatin alteration, transcriptional repression and activation, respectively (6, 16 ). To date, 11 different HDAC isoforms have been identified in mammalian genomes, and these are classified into four different families: class I (HDAC1, -2, -3, and -8), class II (HDAC4, -5, -6, -7, -9, and 10), and sirtuin class III and class IV (HDAC11) (21, 44) . Because HDACs lack intrinsic DNA binding activity, they are recruited to target genes via direct association with transcription regulatory proteins, either individually or in large transcriptional repression complexes (53) .
As a result of coevolution, viruses have evolved diverse strategies to overcome host defense mechanisms (12, 48, 52) . Silencing of HDAC-containing complexes during herpes simplex virus type 1 (HSV-1) infection is blocked via multiple mechanisms. For instance, infected cell protein 0 (ICP0) of HSV-1 dislodges the LSD1/CoREST/REST complex from HDAC1 and HDAC2, disrupting the silencing effects of this repressor complex on viral promoters (17) (18) (19) . In addition, HDAC1 and HDAC2 are phosphorylated in a U S 3 kinase-dependent manner (40) , whereas phosphorylation of CoREST requires both U S 3 and U L 13 kinases (17) . Following these events, a portion of LSD1, CoREST, REST, HDAC1, and HDAC2 translocates to the cytoplasm in an ICP0-independent manner (17, 18) . The outcome of these processes allows for efficient viral gene expression and robust replication. Further analysis of these functions by autonomous expression studies demonstrates that both ICP0 and the U S 3 protein kinases (U S 3 and U S 3.5) independently block histone deacetylation to enable gene expression by distinct mechanisms (39) .
Like HSV-1, varicella-zoster virus (VZV), the causative agent of varicella and zoster, is characterized as a human alphaherpesvirus (1) . VZV encodes orthologs of both ICP0 and U S 3 kinase, termed ORF61p and ORF66p, respectively (34, 47) . Like ICP0, ORF61p is a transcriptional activator and it enhances infectivity of viral DNA and targets ND10 components (29, 34, 35) . In addition, a recent study suggests that ORF61p may have a role in inhibiting HDAC activity, further confirming the orthologous nature of these proteins (51) . Although these proteins have similar functions, evidence suggests that they use distinct mechanisms to effect these changes to the host (29) .
VZV ORF66p is a serine/threonine protein kinase highly homologous to the U S 3 family of protein kinases found only in alphaherpesviruses (32, 47) . To date, the only well-characterized target of ORF66p is ORF62p, the major transcriptional regulatory protein of VZV. ORF66p directly phosphorylates ORF62p and modulates its cellular distribution during viral infection (9, (26) (27) (28) . Based on their homology, it is suspected that ORF66p and U S 3 phosphorylate similar viral and cellular targets, although there are few data to substantiate this hypothesis. Both are known to share some functions, including the ability to block apoptosis of infected cells in a cell-typedependent manner (36, 37, 42) . At present, it is unknown if ORF66p phosphorylates HDAC1 and/or HDAC2 or if it has any role in blocking histone deacetylation to enhance VZV replication.
In this report, we demonstrate that HDAC1 and HDAC2 are hyperphosphorylated during VZV infection in an ORF66p-dependent manner. Autonomous expression of ORF66p is sufficient to induce hyperphosphorylation of these proteins, and its kinase activity is essential for this event. In addition, we also show that ORF66p targets phosphorylation of HDAC1 and HDAC2 at a conserved phosphorylation site within the C termini of both proteins, and this occurs by an indirect mechanism. In addition, pretreatment of cells with sodium butyrate, an HDAC inhibitor, partially complements growth of an ORF66p kinase-deficient VZV. These data suggest that ORF66p kinase activity targets HDAC1 and HDAC2 to inhibit viral genome silencing and allow efficient viral replication. Thus, we have identified HDAC1 and HDAC2 as new indirect targets of VZV ORF66p protein kinase and postulate that ORF66p functions in a way analogous to HSV-1 U S 3 kinases to inhibit HDAC activity and promote efficient VZV replication.
R, 5Ј-GGTCGTCTTCGTCCTCATCGCCAGCCTCCTCAGGGATGG-3Ј), pFLAG-S406A (F, 5Ј-GACGACCCTGACAAGCGCATCGCGATCTGCTCC  TCTGACAAACG-3Ј, and R, 5Ј-CGTTTGTCAGAGGAGCAGATCGCGATG  CGCTTGTCAGGGTCGTC-3Ј), pFLAG-S410A (F, 5Ј-GCGCATCTCGATCT  GCTCCGCTGACAAACGAATTGCCTGTGAG-3Ј, and R, 5Ј-CTCACAGGC  AATTCGTTTGTCAGCGGAGCAGATCGAGATGCGC-3Ј), pFLAG-S421A  (F, 5Ј-GCCTGTGAGGAAGAGTTCGCCGATTCTGAAGAGGAGGGAG-3Ј , and R, 5Ј-CTCCCTCCTCTTCAGAATCGGCGAACTCTTCCTCACAGG C-3Ј), and pFLAG-S423A (F, 5Ј-GAGGAAGAGTTCTCCGATGCTGAAGA GGAGGGAGAGGGGGG-3Ј, and R, 5Ј-CCCCCCTCTCCCTCCTCTTCAGC ATCGGAGAACTCTTCCTC-3Ј). All primers used were manufactured by Operon Biotechnologies (Huntsville, AL), and all vector inserts were verified by DNA sequencing.
(iii) HDAC2 plasmids. Wild-type mouse HDAC2 cDNA (a gift from Ed Seto, University of South Florida, Tampa, FL) was cloned in frame into EcoRIdigested pCMV-Tag2B (Stratagene, La Jolla, CA) to yield pFLAG-mHDAC2. mHDAC2 is more than 99% identical to human HDAC2, with only two amino acid differences at positions 478 (Pro in mouse and Thr in human) and 480 (Ala in mouse and Thr in human). By using a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA), specific primers (F, 5Ј-GTGAGAAAACAG ACACCAAAGGAACCAAGTCAGAACAACTC-3Ј, and R, 5Ј-GAGTTGTTC TGACTTGGTTCCTTTGGTGTCTGTTTTCTCAC-3Ј), and pFLAG-mHDAC2 as template, amino acids 478 and 480 were altered to the human sequence to generate a plasmid (pFLAG-HDAC2) that expressed human HDAC2. The following mutants were generated using a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA), specific primers, and pFLAG-HDAC2 as template: pFLAG-S394A (F, 5Ј-GGATGCTGTTCATGAAGACGCTGGAGATG AGGATGGAGAAG-3Ј, and R, 5Ј-CTTCTCCATCCTCATCTCCAGCGTCTT CATGAACAGCATCC-3Ј), pFLAG-S407A (F, 5Ј-GAAGACCCGGACAAAA GAATTGCCATTCGAGCATCAGACAAACGG-3Ј, and R, 5Ј-CCGTTTGTC TGATGCTCGAATGGCAATTCTTTTGTCCGGGTCTTC-3Ј), pFLAG-S411A (F, 5Ј-GAATTTCCATTCGAGCAGCAGACAAACGGATAGCTTGC-3Ј, and R, 5Ј-GCAAGCTATCCGTTTGTCTGCTGCTCGAATGGAAATTC-3Ј), pFLAG-S422A (F, 5Ј-GCGATGAAGAGTTTGCAGATTCTGAGGATGA AGGTG-3Ј, and R, 5Ј-CACCTTCATCCTCAGAATCTGCAAACTCTTCATC GC-3Ј), and pFLAG-S424A (F, 5Ј-GATGAAGAGTTTTCAGATGCTGAGGA TGAAGGTGAAGGAG-3Ј, and R, 5Ј-CTCCTTCACCTTCATCCTCAGCAT CTGAAAACTCTTCATC-3Ј). All primers used were manufactured by Operon Biotechnologies (Huntsville, AL), and all vector inserts were verified by DNA sequencing.
(iv) MBP plasmids. Plasmids expressing maltose binding protein (MBP) and MBP-IE62 fusion proteins containing IE62 residues 571 to 733 were described previously (9) . MBPs containing wild-type murine HDAC2 and a mutant form of protein containing five Ala substitutions at Ser 394, 407, 411, 422, and 424 were expressed from plasmid DNAs derived from murine HDAC2 cDNAs (gifts from Ed Seto, University of South Florida, Tampa, FL) in frame with MBP in pMalC2 (New England Biolabs, Inc., Beverly, MA).
Dephosphorylation assay. Mock-infected or wild-type VZV-infected MeWo cells were harvested at 72 hours postinfection (hpi), washed twice with cold phosphate-buffered saline, scraped from tissue culture dishes, suspended in radioimmunoprecipitation lysis buffer (RIPA) (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 0.5% NP-40) plus EDTA-free Complete protease inhibitor cocktail (Roche, Mannheim, Germany), and incubated on ice for 30 min. Lysates were clarified by centrifugation at 22,500 ϫ g for 10 min in a Tomy MX-160 high-speed refrigerated microcentrifuge. Total protein concentration was measured using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) (4). Thirty micrograms of total lysate was incubated at 37°C for 30 min with 20 units of calf intestinal alkaline phosphatase (CIAP; New England Biolabs, Inc., Beverly, MA) in dephosphorylation buffer provided by the manufacturer. Additional protease inhibitors (EDTA-free Complete protease inhibitor cocktail [Roche, Mannheim, Germany]) were added to the reaction mixture at a final concentration of 1ϫ. The reactions were stopped by addition of 5ϫ sodium dodecyl sulfate (SDS) sample buffer (250 mM Tris HCl, pH 6.8, 500 mM dithiothreitol, 10% SDS, 0.5% bromophenol blue, 50% glycerol). For control experiments, CIAP was inactivated by being heated at 95°C for 5 min with 50 mM EDTA before being added to dephosphorylation reaction mixtures.
Indirect immunofluorescence microscopy. Cells grown on glass coverslips were processed for indirect immunofluorescence, and images were acquired as described previously (50) .
SDS-PAGE and Western blotting. Infected and transformed cells were processed for SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting analysis as previously described (50) Protein purification. GST proteins were purified by solubilizing infected SF9 cells in RIPA buffer (20 mM Tris HCl, pH 8.5, 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 1% NP-40, and 0.5% deoxycholate) followed by sonication on ice after addition of EDTA-free mini-Complete protease inhibitor cocktail (Roche, Mannheim, Germany) and phosphatase inhibitors (50 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM ␤-glycerolphosphate, and 10 mM sodium pyrophosphate). Soluble fractions were combined with glutathione beads (Glutathione Uniflow resin; BD Pharmingen, San Diego, CA), mixed for 3 h or overnight, and washed extensively in 2 M KCl (pH 7.5), followed by RIPA buffer, and finally in kinase assay buffer (20 mM HEPES-KOH [pH 7.5], 50 mM KCl, 10 mM MgCl 2 , and 5 g/ml heparin). GST fusion proteins were eluted overnight at 4°C with glutathione elution buffer (BD Pharmingen, San Diego, CA) containing 0.1% Triton X-100. Protein levels were measured by the Bradford assay (4).
MBP substrates were purified as detailed previously (9) except that inductions were carried out in Escherichia coli BL21 cells at 30°C for 3 h.
In vitro kinase assay. Approximately 2 g of GST, GST-ORF66p fusion protein, or casein kinase II (CKII) (New England Biolabs, Inc., Beverly, MA) was incubated with 2 g of MBP or MBP fusion protein in a total volume of 70 l in kinase assay buffer containing 5 Ci of [␥- 32 P]ATP (6,000 Ci/mmol). Reactions were allowed to proceed for 25 min at 35°C and then stopped by addition of Laemmli SDS-PAGE sample buffer (30) . Subsequently, proteins were separated on a 7% SDS-polyacrylamide gel and then transferred to a polyvinylidene difluoride membrane for autoradiography. Following exposure, membranes were subjected to Western blotting analysis using antisera specific to MBP or GST to ensure equivalent protein levels in each reaction mixture. Alternatively, following separation on a 7% SDS-polyacrylamide gel, proteins were stained with Coomassie brilliant blue (Invitrogen, Carlsbad, CA) staining solution to ensure equivalent protein levels in each reaction mixture before the gel was dried for autoradiography.
Drug treatment. Sodium butyrate (C 4 H 7 O 2 Na) was purchased from EMD Biosciences (La Jolla, CA) and used as indicated in the figure legends.
Antibodies. All primary antibodies for Western blot analysis were used at dilutions between 1:1,000 and 1:5,000. Rabbit polyclonal antibody against ORF4, ORF61, ORF62, and ORF63 and mouse monoclonal antibody against gE were described previously (29, 31) . Mouse monoclonal anti-FLAG M2 antibody, mouse monoclonal actin antibody, and rabbit polyclonal HDAC2 antibody were purchased from Sigma (St. Louis, MO). Mouse monoclonal antibody to HSP90 and rabbit polyclonal antibody to HDAC1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody to GFP was purchased from Clontech Laboratories, Inc. (Mountain View, CA). Rabbit polyclonal antibody to MBP was purchased from New England Biolabs Inc. (Beverly, MA). Goat polyclonal antibody to GST was purchased from GE Healthcare (Piscataway, NJ). Alexa Fluor 546-conjugated rabbit anti-mouse antibody was purchased from Invitrogen (Carlsbad, CA). Goat anti-rabbit and anti-mouse antibodies conjugated to horseradish peroxidase for immunoblotting were purchased from Kirkegaard & Perry Laboratories (Gaithersburg, MD).
RESULTS

HDAC1
and HDAC2 are hyperphosphorylated in VZV-infected cells. As modulators of chromatin activity, HDACs are targeted during viral infection to block host gene silencing activities. It is known that HDAC activity is controlled by posttranslational modifications (8, 38, 49) . To determine if HDAC1 and HDAC2 are modified during VZV infection, MeWo cells were either mock infected or infected with a wildtype VZV recombinant containing an amino-terminal fusion of EGFP to ORF66p. This virus allowed us to track the spread of infection in real time. The EGFP tag does not hinder viral replication or ORF66p activity (10) . At 24, 48, and 72 hpi, cells were harvested and the electrophoretic mobilities of HDAC1 and HDAC2 were examined by Western blotting (Fig. 1) . Staining for ORF63p and HSP90 was carried out as indicators of viral spread and a loading control, respectively. For HDAC1, two closely migrating protein species of approximately 66 kDa and 68 kDa were detected, with the 68-kDa species seen only in VZV-infected cells after 48 hpi, and it continued to accumulate as infection spread. Its abundance correlated with increased accumulation of ORF63p. Similarly to HDAC1, two HDAC2 species of approximately 59 kDa and 62 kDa were detected, again with the larger species present only in VZVinfected cells. The kinetics of accumulation of high-molecularweight species of HDAC1 and HDAC2 were identical. The occurrence of novel, slowly migrating HDAC1 and HDAC2 species during VZV infection suggested that they were posttranslationally modified in response to viral infection.
To determine if the altered species of HDAC1 and HDAC2 resulted from phosphorylation, mock-infected and wild-type VZV-infected cell lysates (harvested 72 hpi) were either untreated or treated with CIAP or inactivated CIAP. Following treatment, cell lysates were subjected to Western blot analysis to examine changes in protein mobility (Fig. 2) . HSP90 was also analyzed to demonstrate equal loading of protein and as an indicator of any nonspecific protease activity associated with CIAP. In lysates from mock-infected cells, HDAC1 migrated as a single species. As expected, the mobility of HDAC1 from lysates treated with inactivated CIAP was similar to that of untreated lysates, suggesting that CIAP was completely inac- Lysates from mock-and VZV-infected cells were reacted with dephosphorylation buffer alone (untreated), CIAP, or inactivated CIAP as described in Materials and Methods. Equal amounts of total protein (20 g) from each sample were analyzed by Western blotting using antisera specific for HDAC1, HDAC2, and HSP90.
tivated. After treatment with CIAP, HDAC1 migrated more rapidly, demonstrating that it was phosphorylated by cellular kinases in uninfected cells, as previously described (38) . As expected, when lysates from VZV-infected cells were examined, HDAC1 migrated as two distinct species. Treatment of VZV-infected cell lysates with CIAP resulted in loss of most of the slower-migrating species of HDAC1 and appearance of a single, more rapidly migrating form that is indistinguishable from that present in CIAP-treated mock-infected cell lysates. Inactivated CIAP had no effect on the mobility of either form of HDAC1 from VZV-infected cell lysates. These data demonstrate that VZV-induced modification of HDAC1 is sensitive to phosphatase treatment and therefore a result of virusinduced hyperphosphorylation. Analysis of HDAC2 from these same reactions yielded results identical to those observed for HDAC1, i.e., there is a basal level of HDAC2 phosphorylation in uninfected cells (consistent with previous studies [49] ) and that CIAP treatment results in loss of the slower-migrating, VZV-induced form of HDAC2. Thus, during VZV infection, a fraction of both HDAC1 and HDAC2 is hyperphosphorylated.
ORF66 kinase activity is essential for VZV-induced HDAC1 and HDAC2 phosphorylation. VZV encodes two serine/threonine (Ser/Thr)-specific protein kinases encoded by open reading frames (ORFs) 47 and 66. ORF47p (a homolog of HSV-1 U L 13, Epstein-Barr virus BGLF4, and cytomegalovirus U L 97) is related to the CKII family of cellular proteins, targeting Ser/Thr residues preceded by acidic residues, and is conserved in all Herpesvirinae (25, 45, 47) . ORF66p (an HSV-1 U S 3 homolog) is present only in Alphaherpesvirinae and is a basophilic kinase that phosphorylates Ser/Thr residues with a target motif similar to that recognized by protein kinase A (PKA) (9, 32, 47) . Both kinases carry out important functions that are required for efficient viral replication in a cell-type-dependent manner (3, 11, 24) . To ask if these viral kinases play a role in hyperphosphorylation of HDAC1 and HDAC2, we examined whether VZV mutants lacking either ORF47p or ORF66p kinase activity were capable of modifying these proteins. The ORF47 mutant virus (VZV-ORF47Stop) contains a premature stop codon at amino acid 166 that produces a truncated protein lacking kinase activity (22) . The ORF66 mutant virus (VZV-ORF66KD) produces a full-length protein with two conservative mutations that result in abolishment of ORF66p kinase activity (11) . MeWo cells were mock infected or infected with wild-type VZV (VZV-WT), VZV-ORF47Stop, or VZV-ORF66KD and harvested 24, 48, 72, and 96 hpi. Cell lysates were prepared, and HDAC1 and HDAC2 mobilities were examined (Fig. 3) . As before, ORF63p and HSP90 were examined as surrogates for viral infection and protein loading, respectively. In cells infected with VZV-ORF47Stop, hyperphosphorylated HDAC1 and HDAC2 were detected 24 h later than in cells infected with wild-type virus. In addition, accumulation of hyperphosphorylated HDAC1 and HDAC2 never reached the levels present in cells infected with wild-type virus, despite equal infection rates at initiation. A reduced accumulation of hyperphosphorylated HDAC1 and HDAC2 in VZVORF47Stop-infected cells may reflect the slower replication kinetics of this virus as suggested by the kinetics of ORF63p accumulation. This may be because VZV-ORF47Stop is derived from the vaccine strain Oka, while VZV-WT and VZV-ORF66KD are derived from parental Oka. However, it is clear that modified forms of HDAC1 and HDAC2 accumulate during infection with VZV-ORF47Stop. Therefore, we conclude from these experiments that ORF47p kinase activity is not essential for hyperphosphorylation of HDAC1 and HDAC2 during VZV infection.
In contrast to VZV-ORF47Stop, in cells infected with VZV-ORF66KD, HDAC1 and HDAC2 were not hyperphosphorylated during infection. Mutant virus replication was followed by ORF63p staining and was comparable to that observed with VZV-ORF47Stop. These data indicate that ORF66p kinase activity is required for hyperphosphorylation of HDAC1 and HDAC2 during VZV infection.
Replication-deficient wild-type (AdORF66WT) and kinasedeficient (AdORF66KD) adenoviruses expressing ORF66p tagged at their amino termini with EGFP under the control of a Tet-repressible promoter were used to ask if autonomous expression of ORF66p was sufficient to induce modification of HDAC1 and HDAC2 (10) . Expression from these adenoviruses was dependent on coinfection with an adenovirus expressing the tetracycline tTa transactivator (AdTetOff) and the absence of doxycycline. MeWo cells were either mock infected or coinfected with AdEmpty (negative control), AdORF66WT, or AdORF66KD and AdTetOff. As a positive control, MeWo cells were infected with wild-type VZV. At 48 hpi, cells were harvested and lysed and the electrophoretic mobilities of HDAC1 and HDAC2 were examined (Fig. 4) . EGFP and HSP90 were analyzed to confirm expression of ORF66p and protein loading for each sample. ORF66p levels were similar when expressed from VZV and when expressed from the adenovirus vectors. The apparent higher molecular weight of EGFP-ORF66 expressed from adenovirus backbones results from an HA tag within these proteins that is absent from wild-type VZV EGFP-tagged ORF66p. Analysis of HDAC1 and HDAC2 from cells infected with AdORF66WT revealed higher-molecular-weight species of HDAC1 and HDAC2 that were indistinguishable from those found in wild-type VZVinfected cells. These higher-molecular-weight species were absent from cells mock infected or infected with AdEmpty or AdORF66KD. These data demonstrate that autonomous ex- pression of ORF66p induced hyperphosphorylation of HDAC1 and HDAC2 and that ORF66p kinase activity is essential for this event.
ORF66 hyperphosphorylation of HDAC1 and HDAC2 requires a conserved phosphorylation site within their C termini. HDAC1 and HDAC2 are the most highly conserved members of the HDAC superfamily, sharing 85% amino acid identity (14) . Because of this high level of homology and their coexistence in the same protein complexes, these proteins play redundant and essential roles (33, 53) . Cellular proteins posttranslationally modify both HDAC1 and HDAC2, and these modifications play a role in regulating their function (8, 38, 49) . The best characterized of these posttranslational modifications is phosphorylation by cellular kinases within the highly conserved C termini of these proteins (38, 49) . To further identify sites of ORF66p-mediated phosphorylation in HDAC1 and HDAC2, we used alanine insertion mutagenesis to block phosphorylation at potential target sites (Fig. 5A) . To aid these studies, both HDAC1 and HDAC2 were cloned as aminoterminal FLAG fusion proteins to distinguish ectopically expressed from endogenous proteins. To validate this approach, 293A cells were cotransformed with plasmids expressing wildtype FLAG-HDAC1 (pFLAG-HDAC1) or FLAG-HDAC2 (pFLAG-HDAC2) and either EGFP (pEGFP) or EGFP aminotagged wild-type ORF66p (pEGFP-ORF66). At 48 h posttransformation, cells were harvested and the electrophoretic mobilities of FLAG-HDAC1 and FLAG-HDAC2 were examined ( Fig. 5B and C) . All FLAG-HDAC proteins were identified using FLAG antibody, and membranes were probed for EGFP and HSP90 to confirm expression of ORF66p and to demonstrate equal protein loading. As expected, expression of FLAG-HDAC1 resulted in the appearance of only a single 70-kDa protein species. When FLAG-HDAC1 was coexpressed with wild-type ORF66p, an additional 72-kDa species was present, indicative of hyperphosphorylation of HDAC1. A similar result was observed for FLAG-HDAC2. When coexpressed with EGFP, FLAG-HDAC2 produced only a 64-kDa protein, whereas when ORF66p was present, an additional 66-kDa species was detected. These banding patterns were identical to those observed with endogenous HDACs in the absence and presence of ORF66p (Fig. 4) . Cotransformation of tagged wild-type HDAC1 or HDAC2 with a kinase-dead mutant of ORF66p resulted in only a single species of each protein with a mobility identical to that seen in the absence of ORF66p (data not shown). In summary, these data demonstrate that FLAG-HDAC1 and FLAG-HDAC2 behave like endogenous proteins in that they are hyperphosphorylated when coexpressed with functional ORF66p.
HDAC1 and HDAC2 contain multiple conserved phosphorylation motifs that are recognized by several cellular kinases that predominantly target the region C terminal to residue 393 and 394 in the respective proteins (38, 49) . Therefore, the dependence on ORF66p mediated hyperphosphorylation was examined by mutating known and potential Ser phosphorylation sites within FLAG-HDAC1 and FLAG-HDAC2. Individual Ser codons were changed to Ala in conserved casein kinase II (CKII), PKA, protein kinase C (PKC), and protein kinase G (PKG) sites in both genes (Fig. 5A) (Table 1 ). These sites were targeted because some were shown to be in vivo targets for phosphorylation of HDAC1 and HDAC2 and they are conserved in both proteins (38, 49) . To evaluate the role of these sites in ORF66p hyperphosphorylation of HDAC1, 293A cells were cotransformed with pEGFP or pEGFP-ORF66p in conjunction with pFLAG-HDAC1 or a plasmid containing singlesite mutations within HDAC1 (pFLAG-S393A, pFLAG-S406A, pFLAG-S410A, pFLAG-S421A, or pFLAG-S423A). After 48 h, cells were harvested and the electrophoretic mobility of FLAG-HDAC1 was examined (Fig. 5B) . When cotransformed with EGFP, all FLAG-HDAC1 mutants behaved like the wild-type protein, producing only a 70-kDa species. When coexpressed with ORF66p, all mutants except S406A also produced a 72-kDa species that was indistinguishable from wild-type protein. Failure to detect the 72-kDa species from the S406A mutant suggested that ORF66p did not phosphorylate it and that S406 is a target for phosphorylation. This experiment was then repeated using pFLAG-HDAC2 or plasmids containing single Ser-to-Ala codon mutations within HDAC2 (pFLAG-S394A, pFLAG-S407A, pFLAG-S411A, pFLAG-S422A, or pFLAG-S424A) (Fig. 5C) . As expected, all FLAG-HDAC2 mutants expressed only a single 64-kDa species when expressed with EGFP. However, when coexpressed with ORF66p, all mutant proteins except S407A also produced a 66-kDa species as wild-type FLAG-HDAC2 did. The failure of S407A to become hyperphosphorylated suggests that S407 is the target for ORF66p-mediated phosphorylation and this causes its differential migration on gels. These data reveal that a conserved phosphorylation site at S406 in HDAC1 and S407 in HDAC2 is a target for ORF66p-mediated in vivo phosphorylation. Notably, two basic residues at Ϫ2 and Ϫ3 precede these sites, consistent with the basophilic nature of the ORF66p target motif.
ORF66p-dependent phosphorylation of HDAC2 occurs by an indirect mechanism. Phosphorylation of HDAC1 and HDAC2 in ORF66p-expressing cells could be either a consequence of direct phosphorylation or a result of an indirect mechanism, such as ORF66p activation of a cellular kinase or pathway that leads to phosphorylation. To differentiate between these possibilities, we asked if ORF66p could directly phosphorylate HDAC1 and HDAC2. To test this, we developed an improved in vitro kinase assay, based on that previously described to characterize ORF66p phosphorylation of ORF62p (9) . In this system, kinase substrates are fused with MBP and protein kinases are fused with GST; each is then purified by affinity binding. Wild-type murine HDAC2 and a mutant form of mouse HDAC2 (containing five Ala substitutions at Ser 394, 407, 411, 422, and 424) were cloned in frame with MBP to yield MBP-HDAC2WT and MBP-HDAC2MUT, respectively. Coexpression studies of wild-type mouse HDAC2 with ORF66p in 293A cells demonstrated that ORF66p phosphorylated the protein in a manner identical to that of human HDAC2 (data not shown). All MBP fusion proteins were expressed in E. coli and purified. GST-tagged wild-type (GST66WT) and kinase-deficient (GST66KD) ORF66p were expressed in SF9 cells using recombinant baculoviruses, and at 48 hpi GST-tagged proteins were purified (9). To determine if (B) To map the ORF66p target phosphorylation site(s) in HDAC1, 293A cells were mock transformed or cotransformed with 1 g of either pFLAG-HDAC1, pFLAG-S393A, pFLAG-S406A, pFLAG-S410A, pFLAG-S421A, or pFLAG-S423A and 1 g of pEGFP-C1 or pEGFP-ORF66. After 48 h, cells were harvested and equal amounts of total protein (20 g) from each sample were analyzed by Western blotting using antisera specific for FLAG, GFP, and HSP90. (C) To map the ORF66p target phosphorylation site(s) in HDAC2, 293A cells were mock transformed or cotransformed with 1 g of pFLAG-HDAC2, pFLAG-S394A, pFLAG-S407A, pFLAG-S411A, pFLAG-S422A, or pFLAG-S424A and 1 g of pEGFP or pEGFP-ORF66. After 48 h, cells were harvested and equal amounts of total protein (20 g) from each sample were analyzed by Western blotting using antisera specific for FLAG, GFP, and HSP90.
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ORF66p could directly phosphorylate HDAC2, equal amounts of GST or GST-ORF66p fusion proteins were incubated with equal amounts of MBP or MBP fusion proteins under optimal kinase conditions. After 25 min, target proteins were subjected to SDS-PAGE and analyzed for phosphorylation by autoradiography of dried gels. Coomassie blue staining and Western blot analyses were used to ensure that equivalent levels of GST and MBPs were in each reaction mixture (Fig. 6B) . As expected, in reaction mixtures containing GST, MBP, or MBP fusion proteins alone (Fig. 6A, lanes 1, 4, 8 , and 12), no specific phosphorylation was detected. However, when GST66WT was incubated alone, a phosphorylated protein of approximately 72 kDa that represented autophosphorylated ORF66p was detected (Fig. 6A, lane 2) . The intensity of this band is greatly reduced for GST66KD (Fig. 6A, lane 3) . This phosphorylation pattern is present in all reaction mixtures containing wild-type and kinase-deficient ORF66p GST fusions (Fig. 6A, lanes 2, 3,  6 , 7, 10, 11, 14, and 15). Incubation of MBP with GST, GST66WT, or GST66KD had no effect on the phosphorylation patterns compared to incubation of these proteins alone (Fig.  6A, lanes 5 to 7) . In contrast, an ORF62 peptide sequence that is a known direct target of ORF66p phosphorylation (9) was extensively phosphorylated. This 60-kDa protein, which is the expected size of the fusion protein, appears only after incubation with wild-type GST66 protein kinase (Fig. 6A, lane 10) . The phosphorylation signal from MBP-62pep was drastically diminished upon incubation with GST66KD (Fig. 6A, lane 11) . These data are consistent with previous studies and confirm that GST66 kinase directly phosphorylates MBP-62pep (9). We next analyzed the nature of ORF66p phosphorylation of HDAC2. As expected, MBP-HDAC2WT was essentially not phosphorylated when incubated alone or with GST (Fig. 6A,  lanes 12 and 13) . Incubation of MBP-HDAC2WT protein with wild-type ORF66p (Fig. 6A, lane 14) did not result in a phosphorylation pattern indicative of ORF66p-directed in vivo phosphorylation. Indeed, there was no discernible difference between phosphorylation patterns of MBP-HDAC2WT protein incubated with GST66WT and of that incubated with GST66KD (Fig. 6A, lanes 14 and 15) . This result suggested that HDAC2 is not a direct target of ORF66p. To confirm that HDAC2 can be phosphorylated in this assay, MBP-HDAC2WT was incubated with purified CKII which directly phosphorylates HDAC2 (49) . As expected, HDAC2 was robustly phosphorylated by CKII (Fig. 6A, lane 16) . However, the phosphorylation-resistant form of HDAC2 (MBP-HDAC2MUT) was not (Fig. 6A, lane 17) . We conclude that HDAC2 is not a directly phosphorylated target of ORF66p kinase under conditions where ORF62pep, a known substrate, is directly phosphorylated.
HDAC activity affects plaquing efficiency, plaque size, and growth of a VZV ORF66p kinase-deficient mutant but not wild-type virus. Disrupting or inactivating ORF66p protein kinase affects VZV growth in a cell-type-dependent manner (11, 42, 43, 46) . The functional roles of ORF66p that are necessary to direct efficient replication in these various cell types remain undefined. However, recent studies of the HSV-1 kinases homologous to ORF66p, U S 3 and U S 3.5, indicate that they mediate phosphorylation of HDAC1 and HDAC2 and boost viral gene expression (39) (40) (41) . Treatment of cells with sodium butyrate, a potent inhibitor of class I and II HDACs, resulted in enhanced expression of viral or cellular genes, similar to what occurs in response to autonomous expression of either U S 3 or U S 3.5 kinase (40, 41) . These findings suggest a role for U S 3 and U S 3.5 kinases in inhibiting gene-silencing functions of HDAC-containing complexes via phosphorylation of HDAC1 and HDAC2. Based on the similarity of ORF66p to U S 3 and U S 3.5 kinases and their conserved ability to phosphorylate HDAC1 and HDAC2, we posited that phosphorylation of HDAC1 and HDAC2 during VZV infection has a similar role. Therefore, we investigated the effect of blocking HDAC1 and HDAC2 activity on growth of VZV-ORF66KD.
Plaquing efficiency of wild-type VZV and VZV-ORF66KD in MeWo cells was first determined in cells treated with sodium butyrate to inhibit HDAC activity. Confluent monolayers of MeWo cells were untreated (mock) or treated with 1 mM sodium butyrate 6 h before infection. Following pretreatment, cells were infected with serial dilutions of cell-free virus and monolayers were maintained in medium with or without drug. Several days postinfection, monolayers were fixed and stained and plaques were counted (Table 2) . Relative plaquing efficiency was calculated as number of plaques in the presence of drug/number of plaques in the absence of drug (Fig. 7A) . Pretreatment of MeWo cells with sodium butyrate had no effect on plaquing efficiency of wild-type virus. In contrast, pretreatment of MeWo cells reproducibly increased plaquing efficiency of VZV-ORF66KD by 1.5-fold. While modest, this was determined to be significant [P of t (pval) ϭ 0.0003]. Thus, inhibiting HDAC activity increased the ability of VZV-ORF66KD to establish a productive infection.
Deletion of ORF66 or abolishment of its kinase activity results in a modest impairment of growth in several cell types (11, 42, 43, 46) . We noted that the cytopathic effect and plaque size of wild-type virus were greater than those of VZV-ORF66KD. Therefore, we investigated what effect sodium butyrate treatment had on plaque size. MeWo cells on coverslips FIG. 7 . Plaquing efficiency and plaque size of ORF66p kinase-deficient VZV in cells treated with sodium butyrate. (A) MeWo cells were mock treated or pretreated with 1 mM sodium butyrate for 6 h. Following treatment, cells were infected with serial dilutions of cell-free wild-type (VZV-WT) or ORF66p kinase-deficient (VZV-ORF66KD) VZV. Cells were maintained in medium in the absence or presence of 1 mM sodium butyrate. After 6 days, monolayers were fixed and stained and plaques were counted. Relative plaquing efficiency was calculated as described in the text. Each column represents the average from two independent experiments, and error bars indicate standard deviations. A star indicates a P value [t (pval) ϭ 0.0003] as determined by t test. (B) MeWo cells on coverslips were pretreated and infected as described above. Medium was replaced and fresh drug was added daily. Three days postinfection, cells were fixed, stained for gE, and observed by immunofluorescence microscopy. For each virus sample, images of 20 plaques were taken with a 10ϫ objective and the size of each plaque was quantified using ImageJ software. The relative plaque size for each virus was calculated as described in the text. Results from a representative experiment are shown. Error bars indicate standard deviations. A star indicates a P value [t (pval) ϭ 0.00008] as determined by t test. (C) Representative images for the average relative plaque size for each virus in the absence (Mock) and presence of 1 mM sodium butyrate. Images were captured at 3 days postinfection using a 10ϫ objective following fixation and staining for gE by immunofluorescence microscopy. were pretreated and infected as described above. Medium was replaced and fresh drug was added daily. Cells were fixed and stained for the viral glycoprotein gE. For each virus and condition, 20 plaques were imaged and the size of each plaque was quantified (Table 3) . Relative plaque size for each virus was calculated as size of plaques in the presence of drug/size of plaques in the absence of drug (Fig. 7B) . Representative images of plaques are shown in Fig. 7C (Fig. 7B) . However, even in the presence of sodium butyrate, the average plaque size for VZV-ORF66KD was still smaller than that for wild-type virus, suggesting that inhibition of deacetylase activity only partially complemented the growth impairment of VZV deficient for ORF66p activity (Table 3) . We conclude that inhibition of HDAC activity results in increased plaque size and spread of VZV-ORF66KD. Because VZV is so highly cell associated and cell-free virus has very high particle-to-PFU ratios, in the range of 40,000 (5), we decided to study formation of infectious centers by both wild-type virus and VZV-ORF66KD in the absence and presence of sodium butyrate. MeWo cells were treated as described previously and infected with cell-free wild-type virus or VZV-ORF66KD. At various times postinfection, infectious centers were measured (Fig. 8A) . Without sodium butyrate, the num- ber of wild-type VZV infectious centers increased early in infection before reaching a plateau between 48 and 72 hpi. Thereafter, the titer remained constant. In contrast, the number of VZV-ORF66KD infectious centers dropped dramatically at 24 hpi, before increasing at 48 hpi. At 48 hpi, the titer of ORF66p kinase-deficient VZV was equivalent to that of wild-type VZV at 24 hpi, demonstrating a lag in spread compared to that of wild-type virus. After 72 hpi, infectious centers generated by VZV-ORF66KD reached a plateau and remained constant, but consistently with previous reports, the peak titer of ORF66 kinase-deficient VZV was around 10-fold lower than that for wild-type virus (11) . In the presence of sodium butyrate, infectious centers generated by wild-type virus were virtually identical at all time points compared to those of untreated cells. Growth curve analysis of VZV-ORF66KD in cells treated with sodium butyrate demonstrated no difference in growth kinetics or formation of infectious centers up to 48 hpi compared to those of virus grown in the absence of drug. However, at 72 hpi there was a fourfold increase [t (pval) ϭ 0.0005] in infectious centers in cells grown with sodium butyrate over those in cells grown without drug. Moreover, sodium butyrate treatment allowed VZV-ORF66KD to reach a higher plateau than that of untreated cells, although it never reached the level of wild-type virus. Sodium butyrate was unable to fully complement the growth defect of VZV-ORF66KD. In summary, inhibiting HDAC activity increases growth and yield of VZV-ORF66KD.
We then examined the expression patterns of viral proteins at various time points to ask what role inhibition of HDAC activity had on increased growth and yield of VZV-ORF66KD. To address this question, cells from each time point of a growth curve were harvested and analyzed for accumulation of viral immediate-early gene products ORF4p, ORF61p, ORF62p, and ORF63p. Analysis of Western blots revealed that ORFs 4p, 61p, 62p, and 63p were detectable by 48 hpi following infection with cell-free virus and continued to accumulate as infection proceeded (Fig. 8B) . There was no difference in accumulation of these proteins between cells that were mock treated and those that were treated with sodium butyrate for wild-type virus, consistent with the growth curve analysis.
For VZV-ORF66KD, viral proteins were detected at 72 hpi. While at this time there was no difference in accumulation of ORFs 4p, 62p, and 63p in cells treated with sodium butyrate or left untreated, it was apparent that at 96 and 120 hpi, the abundance of these proteins was increased in sodium butyrate-treated cells. The most significant difference was observed for ORF61p. ORF61p accumulation in mock-treated cells was barely detected at 120 hpi; however, in cells treated with sodium butyrate, it was easily detectable at 72 hpi and continued to accumulate as infection progressed. Thus, an increase in the abundance of ORF61p and its more rapid appearance in sodium butyrate-treated cells correlated with the increased yield of VZV-ORF66KD. In summary, we demonstrate that inhibition of HDAC activity enhances growth of ORF66p kinase-deficient VZV.
DISCUSSION
Once a herpesvirus genome enters the nucleus, host proteins rapidly act to silence transcription from viral DNA and subsequently block or impair replication. One example in which the host silences viral genomes is through the HDAC family of enzymatic proteins that deacetylate lysine residues on histone tails, resulting in chromatin condensation and subsequent repression of gene expression (15) . Herpesviruses have evolved diverse mechanisms to block silencing of HDAC repressor complexes (17-19, 39, 40) . One aspect of this strategy during HSV-1 infection involves phosphorylation of HDAC1 and HDAC2 via the HSV-1 Ser/Thr U S 3 kinases (39, 40) . The outcome of phosphorylation allows for efficient viral gene expression and robust replication. Until this study, it was not known if VZV, another human alphaherpesvirus (1), possessed the capacity to subvert HDAC-mediated restriction.
The purpose of this report was to investigate if HDACs were modified during VZV infection and, if so, how this affected VZV replication. As a starting point, we infected MeWo cells with wild-type VZV and harvested samples over time to ask if any changes occurred in the electrophoretic mobilities of HDAC1 and HDAC2 (Fig. 1) . As VZV infection progressed, novel, slower-migrating species of HDAC1 and HDAC2 appeared. In vitro dephosphorylation assays revealed that HDAC1 and HDAC2 are hyperphosphorylated during infection (Fig. 2) . The HSV-1 U S 3 kinases are required for phosphorylation of HDAC1 and HDAC2 (39) (40) (41) , and VZV encodes ORF66p, an ortholog of these proteins (36, 37, 42, 47) . We demonstrate that a VZV mutant lacking ORF66p kinase activity is unable to induce hyperphosphorylation of HDAC1 and HDAC2 (Fig. 3) . In addition, autonomous expression of ORF66p results in hyperphosphorylation of HDAC1 and HDAC2, and its kinase activity is essential for this event (Fig. 4) . These data demonstrate that HDAC1 and HDAC2 are novel targets for ORF66p and highlight a conserved target substrate between ORF66p and its HSV-1 orthologs U S 3 and U S 3.5 (39) (40) (41) .
Further analysis identified a conserved phosphorylation site within the C termini of both HDAC1 and HDAC2 as the target of ORF66p-mediated phosphorylation. Phosphorylation at this site was responsible for the obvious mobility shift of HDACs present in extracts from VZV-infected cells (Fig. 5) . However, in vitro kinase assays suggested that HDAC2 is not a direct substrate for ORF66p kinase activity (Fig. 6) . Therefore, ORF66p-dependent phosphorylation of HDAC2 (and most likely HDAC1) occurs through an indirect mechanism. We infer from these results that ORF66p activation of a cellular kinase or pathway leads to hyperphosphorylation of HDAC1 and HDAC2. Previous studies with HSV-1 U S 3 kinase demonstrated that it activated cellular PKA (2), although recent studies suggest that ORF66p does not act in a similar manner (A. Erazo and P. R. Kinchington, unpublished data). Indeed, the conserved targets of ORF66p phosphorylation in both HDAC1 and HDAC2 (S406 and S407, respectively) fit consensus sites for the cellular kinases PKA, PKC (HDAC2 only), and PKG. Studies of phosphorylation of murine HDAC2 indicate that PKA is not one of the primary kinases that target this protein (49) . Therefore, future studies will concentrate on dissecting the identity of cellular kinases involved in ORF66p-dependent phosphorylation of HDAC1 and HDAC2.
Disrupting or inactivating ORF66p protein kinase affects VZV growth in a cell-type-dependent manner (11, 42, 43, 46 While we were initially able to achieve a high knockdown level (ϳ80% and ϳ85%, respectively), the knockdowns were unstable and HDAC levels rose with cell passage (data not shown). Therefore, as an alternative we investigated the effect of blocking HDAC1 and HDAC2 activity (using the inhibitor sodium butyrate) on replication and growth of an ORF66p kinase-deficient VZV (Fig. 7) . Inhibition of HDAC activity had no effect on the plaquing efficiency of wild-type VZV, whereas the plaquing efficiency of VZV-ORF66KD increased by 1.5-fold. In addition, analysis of plaque size highlighted that inhibition of HDAC activity only marginally increased wild-type virus plaque size (1.2-fold) whereas VZV-ORF66KD plaque size doubled (2.2-fold). Consistent with these data, growth curve analysis demonstrated a fourfold increase in overall titer of infectious centers generated by VZV-ORF66KD when HDAC activity was inhibited, whereas no difference was observed for wild-type virus (Fig. 8A) . Thus, inhibition of HDAC activity increases the frequency of successful initiation of infection. Subsequent spread and growth of VZV-ORF66KD suggest that ORF66p kinase activity has a role in inhibiting HDAC activity during viral infection. However, inhibition of deacetylase activity results only in partial complementation of the growth defect associated with ORF66p kinase-deficient VZV, suggesting that its kinase activity is required for additional functions other than inhibition of HDAC activity. Analyses of growth curves revealed differences in growth kinetics between wild-type and kinase-deficient virus. For wildtype virus, the titer increased approximately 7-to 10-fold at 24 hpi, indicating that the eclipse phase was completed in less than 24 h. However, for ORF66p kinase-deficient virus, the eclipse phase was extended to sometime between 24 and 48 hpi. These data indicate that ORF66p kinase activity is required for efficient initiation of replication and support a hypothesis wherein ORF66p kinase activity functions to combat host silencing. There was no difference in expression or accumulation of the four immediate-early VZV proteins ORFs 4p, 61p, 62p, and 63p during infection with wild-type virus between cells that were mock treated and those that were treated with sodium butyrate. In contrast, accumulation of viral proteins for ORF66p kinase-deficient VZV lagged approximately 24 h behind that for wild-type virus, correlating with the extended eclipse phase of this virus in mock-treated and sodium butyrate-treated cells. While sodium butyrate treatment did not reduce the eclipse phase for VZV-ORF66KD, virus yield increased fourfold at 72 hpi compared to that for virus grown in untreated cells and remained at this level. The expression kinetics, accumulation, and abundance of ORFs 4p, 61p, 62p, and 63p also increased in cells treated with sodium butyrate over those in untreated cells, with the most significant difference being observed for ORF61p. These data support our hypothesis that blocking HDAC activity by ORF66p allows efficient VZV replication.
A question that remains is how HDAC-mediated silencing is blocked by ORF66p-dependent hyperphosphorylation of HDAC1 and HDAC2. Phosphorylation of HDAC1 and HDAC2 regulates their enzymatic activity (13, 38, 49) . Initial experiments demonstrate no change in HDAC2 enzymatic activity in VZV-infected cells or cells autonomously expressing ORF66p. However, because only a small fraction of HDAC molecules are hyperphosphorylated, it is plausible that our assay was not sensitive enough to detect small changes in enzyme activity. Also, it is not known if phosphorylation at S406/7 regulates HDAC activity, but its proximity to other sites of phosphorylation suggests that multiple kinases targeting this region all affect its activity. Alternatively, hyperphosphorylation of HDAC1 and HDAC2 may regulate interaction of these proteins with other members of the corepressor complexes that they reside in. This is an intriguing hypothesis, as studies with HSV-1 demonstrated that in addition to phosphorylation of HDAC1 and HDAC2 by U S 3 kinases, HDACs are dislodged from their corepressors LSD1/CoREST/REST in a process that requires ICP0 (17) (18) (19) 40) . Following these events, a portion of HDAC1, HDAC2, LSD1, CoREST, and REST translocates to the cytoplasm by an unknown mechanism (17, 18) . Initial studies of protein-protein interactions between HDAC1, HDAC2, CoREST, and REST in VZV-infected cells or cells autonomously expressing ORF66p demonstrated no change in the composition of these complexes compared to those in uninfected cells (data not shown). However, biochemical fractionation of VZV-infected cells showed a modest increase in cytoplasmic accumulation of HDAC1, HDAC2, and CoREST as infection progressed (M. S. Walters and S. Silverstein, unpublished data). Therefore, a similar sequence of events may occur in cells infected with VZV. We are currently attempting to pursue this line of investigation.
In conclusion, we have identified HDAC1 and HDAC2 as new targets for ORF66p kinase activity. During VZV infection, both HDACs are hyperphosphorylated, and this occurs at a single conserved Ser within the C terminus of each protein. In addition, in vitro analysis demonstrated that ORF66p-dependent phosphorylation is indirect. We further investigated the function of this phosphorylation event and demonstrated that inhibition of HDAC activity partially rescues growth defects associated with an ORF66p kinase-deficient VZV. These data suggest a model whereby the presence of tegument-associated ORF66p initiates hyperphosphorylation of HDAC1 and HDAC2, resulting in inhibition of silencing by host HDAC complexes on viral DNA. We therefore propose that an additional function of ORF66p kinase is to suppress host cell silencing of viral DNA in a fashion similar to how HSV-1 U S 3 kinases function.
